I cDNA clone to isolate 36 class I genes from ~, phage and cosmid genomic libraries constructed from BALB/c mouse DNA. The chromosomal location of each gene was mapped using strain-specific restriction enzyme polymorphisms and recombinant mouse strains, and five of these genes mapped to the H-2 complex, while the remainder mapped to the Qa-2,3 and Tla regions (14) . To identify the genes encoding serologicaily defined products, each of the cloned genes was transformed into mouse fibroblasts (L cells) by DNA-mediated gene transfer, and the resulting transformants were examined with monoclonal antibodies (mAb) against H-2K a, H-2L a, H-2D d, Qa-2,3, and TL antigen (15) 3 , and two Tla genes were identified by this method. Since then, numerous class I genes have been sequenced, including the three BALB/c transplantation antigen genes and two Qa-2, 3 region genes (12, [16] [17] [18] [19] [20] . However, none of the serologically defined Qa/Tla genes have been characterized to date.
In this report, we present the complete genomic nucleotide sequence and analysis of a BALB/c gene (Tla c) encoding a TL antigen. The polypeptide chain is encoded in six exons homologous to the first six exons of other class I genes. Southern blot analyses using Tla-specific probes subcloned from this gene have allowed us to reorganize the Tla-region gene clusters described earlier (13) , and have reduced the number of class I genes detected in the BALB/c mouse to 33: 18 in the Tla region, ! 0 in the Qa-2,3 region, and 5 in the H-2 region. Methods. Commonly used recombinant DNA procedures such as gel electrophoresis, Southern blotting, nick translation, growth of plasmids and phage, and restriction endonuclease digestions followed previously described protocols (21, 22) .
Materials and Methods
DNA Sequence Analysis. The sequencing reactions for the chain termination or chemical degradation methods were carried out according to previously published procedures (23, 24) . Overlapping subclones for chain termination sequencing in phage M13 were generated using a deletion subcloning method similar to several published methods (25) (26) (27) .
Results and Discussion
Gene 17.3A Encodes a Serologically Defined TL Antigen. Clone 17.3 was previously shown (15) to transform mouse L cells to the TL + phenotype, as assayed by anti-TL mAb in a radioimmunoassay. A partial restriction map of the eukaryotic insert of clone 17.3 is shown in Fig. 2 in sequence and in the position of intron-exon borders with the first five exons of other class I genes. These exons encode a hydrophobic leader peptide, three external protein domains of about 90 amino acids each, and a hydrophobic transmembrane segment. A cytoplasmic protein domain is encoded entirely by exon 6, unlike transplantation antigens, where the cytoplasmic domain is usually encoded by three exons. The first exon of 17.3A encodes a hydrophobic signal peptide that is either 24 or 26 amino acids long, depending on which of two in-frame AUG start codons initiates translation. Ordinarily, the first AUG encountered in a eukaryotic messenger RNA (mRNA) initiates translation (31) . The reason for the uncertainty is that a potential TATA box (bases 196-199 ) is located so close to the beginning of exon 1 that the first AUG (bases 220-222) might not be included in the mRNA, assuming, as with other eukaryotic genes, transcription begins 26-34 basepairs (bp) downstream of the TATA box (32) . There are other AT-rich regions that might serve as TATA boxes (bases 144-149, 154-160), and although a consensus sequence CCAAT box is not found, several similar sequences are associated with the potential TATA boxes (CCATT at bases 93-97, CAAGT at bases 174-178, CAAA at bases 181-184).
Exons 2, 3, and 4 encode three protein regions of ~90 amino acids each, and are denoted ~1, ~2, and ~3, respectively (33) . These three regions comprise all of the TL molecule that is exposed on the cell surface. The positions of cysteine residues are homologous to those of other class I genes: both the 0~2 and a3 regions contain cysteine residues ~60 amino acids apart, suggesting that each contains an intrachain disulfide linkage, while the o~l region contains no cysteines. The TL molecule encoded by gene 17.3A contains two potential carbohydrate attachment sites (Asn-X-S%), both in the o~1 domain, at amino acids 86 and 90. It is not known from biochemical data how many carbohydrate moieties are present on TL molecules from BALB/c (Tla c) mice, but there is only one moiety on TL molecules encoded by the Tla ~ allele (34) .
Exon 5 encodes the transmembrane segment of the TL polypeptide. The translated amino acid sequence contains 38 amino acids, including a span of 20 uncharged and generally hydrophobic amino acids (15 hydrophobic, 3 glycine, and 2 serine residues) that presumably span the lipid bilayer and terminate in a cytoplasmic region with two positively charged amino acids.
Three regions homologous to the sixth, seventh, and eighth exons of other class I genes can be identified in gene 17.3A, and are indicated in Fig. 3 . However, in gene 17.3A, an in-frame termination codon is reached in exon 6, so this exon encodes the entire cytoplasmic domain and the C-terminus of the TL polypeptide chain. This fact is corroborated by the DNA sequence of a closely related Tla b cDNA clone isolated using a transmembrane probe from gene 17.3A. In this cDNA clone, the protein-coding sequence terminates in exon 6, and no RNA splice sequences are used downstream of exon 6 (Y. Obata, Y. Chen, E. Stockert, and L. Old, Memorial Sloan-Kettering Cancer Center, NY, personal communication). The cytoplasmic domain of gene 17.3A is two amino acids shorter than the cytoplasmic domain of the L ~ molecule, and has only 30% (7 of 23) amino acid homology with the L d molecule.
The low sequence homology between transplantation antigens and gene 17.3A
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(r xoN mt All four genes are approximately equally homologous to gene 17.3A, but each exon is not equally conserved (Table I ). The fourth exon is the most highly conserved exon, probably due to selective pressure on the sequence of the o~3 region encoded by exon 4, since the 0~3 region binds noncovalently with /3z-microglobulin (39) . Exons 1 and 5, encoding the hydrophobic leader and transmembrane peptides, are only moderately conserved, since the sequence contraints on these two regions probably require only hydrophobic properties. The cytoplasmic exon is the least conserved and, as mentioned above, this may reflect different interactions with cytoskeletal elements. The degree of homology of exons 2 and 3 with the genes in Table 1 is intermediate between that seen for exon 4 and exon 5. In H-2 molecules, the c~l and c~2 regions are the site of recognition by cytotoxic T lymphocytes (40) , but since the function of the ~1 and c~2 regions in TL antigens is unknown, it is difficult to estimate the nature of the selective pressure operating on these regions.
The homologies noted above are consistent with earlier peptide mapping analyses. Peptide mapping studies showed that out of 13-19 tryptic peptides resolved on a high-pressure liquid chromatography (HPLC) cation exchange colunm, three peptides coeluted between the H-2D a molecule and a Tla a gene (Fig. 4A) . At a point 95 bp from the 5' end of this intron, gene 17.3A contains 1,093 bp of sequence not found in the K ~ gene. Whether this is an insertion in gene 17.3A or a deletion in the K a gene is unknown, but the 1,093-bp segment contains a 65-bp thymidine-rich (76%) sequence at its 5' end, and an Alu-like repeat element near its 3' end. The segment is flanked by inexact 10-bp inverted repeats, which are also present in the K d gene (Fig. 4B) (Fig. 4A) . This DNA segment is bordered by inexact 16-bp direct repeats (Fig.  4 C) , has a simple sequence (the repeated dinucleotide TC) at its 5' end, and has an Alu repeat near its 5' end. The location of this insertion/deletion is 30 bp 5' of the fourth exon. Because of the presence of inverted and direct repeats bordering the 1,093 bp and 1,130 bp regions, it is tempting to speculate that these regions were derived from transposon-like insertions.
Part of Gene 17.3A Appears to be the Product of a Gene Conversion Event. The 17.3A introns are only ~60% homologous to those of other class I genes, while the introns of the three BALB/c transplantation antigen genes are ~90% homologous to each other (20) . The one exception to the lower sequence homology between the noncoding sequences of gene 17.3A and the H-2 genes is the first 71 bp of the fourth intron (Fig. 5A) , located immediately adjacent to the highly conserved fourth exon. It is not surprising that the fourth exon is highly conserved, because this exon encodes the o~3 region that binds with 132-microglobulin, but it is very surprising to find the adjacent intron so highly conserved (97% with the L a gene), since the other introns are only -60% homologous.
To test whether the fourth exon of gene 17.3A is more highly conserved than would be expected from natural selection on the protein sequence, we counted the number of silent site mutations (base substitutions that do not alter the protein sequence) between the L a and 17.3A genes. Silent site mutations accumulate with time at a constant rate, and are believed to be independent of selection at the protein level, so by using their frequency, one can estimate the time elapsed since two related genes shared a common ancestor (43) . There are mutations in 43% of the silent sites in exons 2 and 3 of gene 17.3A but only in 11% of the silent sites of exon 4 when compared with the L d gene (Fig. 5B ). This disparity (43% vs. 11%) is very large, and corresponds to a statistically significant (>3 SD) difference in divergence times estimated for these different regions by the calculation of Kimura (43) (46, 47) , no significant disparity is seen in the number of silent site mutations in exons 2 and 3 (29.4% average) and exon 4 (27.8% average). This observation is also consistent with a gene correction or conversion model because the human and mouse genes have been separated by speciation, and could not have engaged in gene conversion.
Gene conversions of variable size occur between class I genes, but it is unclear how many of these events are biologically significant. The small gene conversions mentioned above may contribute to the polymorphism of transplantation antigens. However, it is difficult to imagine why natural selection would not be sufficient to maintain the protein sequence of the a3 domain. Gene conversion may be a result rather than a cause of the high DNA sequence homology of exon 4. Since gene conversions presumably require an initial base pairing between homologous sequences, conversions may occur more frequently in exon 4 because of the high sequence homology of this exon with other class I genes.
Hybridization With Tla-spec~c Probes Detects a Small Subset of Class I Genes That Are Polymorphic Between Tla Alleles. To study the number and diversity of genes related to 17.3A, as well as to create DNA probes suitable for examining RNA species expressed in TL + cells, two subclones, pTLA.4 and pTLA.5, were constructed from the coding regions of gene 17.3A that exhibited minimal homology with other class I genes (Fig. 2) . The 5' probe, pTLA.4 (bases 577-892), contains parts of the second and third exons, as well as the entire second intron. This probe is ~70% homologous with the K d or L d genes in the coding sequences. The 3' probe, pTLA.5 (bases 3,155-3,795), contains the transmembrane exon and is only ~50% homologous to the coresponding regions in the K d and L ~ genes. Both probes hybridize to BALB/c thymus poly(A) + RNA, but not to BALB/c liver or spleen RNA. The probes also do not hybridize to thymus, liver, or spleen RNA from C57BL/6, a TL-strain (data not shown).
Subclones pTLA.4 and pTLA.5 were hybridized to genomic DNA from four strains of mice representing the Tla alleles Tla a, Tla b, Tla c, and Tla d. As can be seen in Fig. 6 , there is size polymorphism in the hybridizing restriction fragments. This is surprising since others have had relative difficulty finding polymorphic restriction fragments in the Tla region compared with the H-2 region (14). Four Tla-specific bands are found in the Southern analysis of Tla c mouse DNA. These data are summarized in Table II . One band corresponds to gene 17.3A, the g e n e f r o m w h i c h t h e p r o b e s w e r e s u b c l o n e d , a n d a n o t h e r c o r r e s p o n d s t o g e n e 2 4 . 8 , t h e o t h e r T l a g e n e i d e n t i f i e d b y t r a n s f o r m a t i o n i n t o L cells (15) . H o w e v e r , g e n e 2 4 . 8 b y i t s e l f c o u l d n o t e n c o d e a T L a n t i g e n b e c a u s e D N A s e q u e n c e (13), seven genes, rather than the expected four, were detected. This observation prompted us to examine these cluster linkages, and led to the discovery of three cloning artifacts, on cosmids 1.1, 8.3, and 20.1. Each of these cosmids contains a large piece of DNA with a restriction map identical to that of cosmids in other gene clusters, and a shorter piece of DNA with a unique restriction map. These cosmids probably result from the cloning of two noncontiguous pieces of eukaryotic DNA ligated together during the construction of the cosmid library. We isolated low-copy number probes from near the border between the putative noncontiguous DNA fragments, and by Southern blotting analysis, we showed that restriction fragments of the size predicted by cosmids, 1.1, 8.3, and 20.1 were not present in the genome, while fragments from overlapping cosmids (in agreement with the cluster map in Fig.  7) were present in the genome (data not shown). The three cosmids in question have been previously noted as possible cloning artifacts (14, 48) .
Elimination of the artifactual constructs allows several new overlaps between the gene clusters described by Steinmetz et al. (13) (Fig. 7) . Clusters 3, 7, 8 and 4 can now be joined into a single cluster 160 kb in length, which we denote cluster A. Cluster A contains the three artifactual constructs. A second cluster of 77 kb, denoted cluster B, is formed from clusters 12 and 5. This linkage was previously overlooked because the 10-kb overlapping region contains only three mapped restriction sites. A third Tla cluster, cluster 10, a single cosmid clone containing an incomplete class I gene, is unchanged from the earlier study. This new linkage is consistent with genome blots using both Tla-specific probes, because four genes (T1, T3, T11, and T13) hybridize to pTLA.5, and two genes (T3 and T13) hybridize to pTLA.4 (Table II; Figs. 6 and 7) . The sizes of the restriction fragments hybridizing to these probes, as determined in genomic blots (Table II) , are consistent with the sizes predicted from the restriction maps of Examination of the restriction map of the gene clusters reveals large (20-40 kb) stretches of DNA that appear to be related. These regions are indicated as bars above the genes in Fig. 7 . The relatedness of some of these duplicated regions has been established not only by restriction map similarity, but also by hybridization with low-copy DNA probes. For example, the four genes hybridizing with the 3' Tla probe, pTLA.5, are contained in two 40-kb segments (hatched bars in Fig. 7, A and B ) that appear to have duplicated at some time in the past. Although it is not possible to prove the mechanism by which these regions arose, duplication by homologous but unequal crossover seems to be a likely explanation. (Fig. 8) . However, no genes corresponding to cluster B or cluster 10 are found among the C57BL cosmid clones. Genomic Southern blots (Fig. 6 ) using the Tla-specific probes confirm that at least two genes (genes T11 and T13 in Fig. 7 ) in BALB/c are not found in Tla b, and both of these genes are located in cluster B. Although these two genes are the only ones confirmed to be absent in Tla b, it seems probable that none of the genes in cluster B or cluster 10 are present in C57BL mice.
Interestingly, gene 17.3A (gene T13 in Fig. 7 ) is absent in Tla b. Could this be the explanation for the TL-phenotype of Tla b thymocytes? Clearly, since Tla b leukemias can express TL antigen, Tla b mice must have a structural gene encoding a TL antigen. Since allelic forms of TL antigen share 70-80% of their tryptic peptides (41) and are therefore very closely related, we expect that both the Tla-specific coding region probes would hybridize to the gene encoding the leukemic Tla b gene product. If this is the case, then the T3 gene of the TI  T2  T5 5'  T4 T5  T6 T7  TB T9 TtO  Tll  T12  T13 T14T15 T16 T17  T183,   C57BL/10   T1 T2  T3 T4  T5 TS  T7 T8  TgTIO Tll T12  T13 
Summary
We have determined the DNA sequence ofa gene encoding a thymus leukemia (TL) antigen in the BALB/c mouse, and have more definitively mapped the cloned BALB/c Tla-region class I gene clusters. Analysis of the sequence shows that the Tla gene is less closely related to the H-2 genes than H-2 genes are to one another or to a Qa-2,3-region genes. The Tla gene, 17.3A, contains an apparent gene conversion. Comparison of the BALB/c Tla genes with those from C57BL shows that BALB/c has more Tla-region class I genes, and that one of the genes absent in C57BL is gene 17.3A.
